Sometime in the Devonian, perhaps about 400 million years ago, insects became the first clade to conquer the sky. Recent evo-devo studies have begun to unravel the mysterious origin of the flight structure that made insects into extraordinary six-legged fliers.
Although the immense success of insects can be attributed to various traits, the wing is the signature character of this clade, which has allowed insects to explore a variety of niches via powered flight, and has also served as an evolutionary medium for the emergence of new traits (such as camouflage, mimicry, armoring, and communication). So, considering the significance of wings during insect evolution, it is somewhat surprising that the origin of this evolutionarily prominent structure is still a hotly debated mystery. One of the first passages in the science literature hinting at a possible origin of insect wings can be found in a book published over two hundred years ago [1] . As a scientist in the pre-Darwinian era, Oken probably did not imply an evolutionary relationship between the insect wing and the crustacean branchia (i.e. gill). Nonetheless, various homologizations made in his book have no doubt inspired many scientists in subsequent generations. A variety of ideas on the origin of insect wings have been proposed in the past two hundred years. Through sometimes intense intellectual battles, two schools of thought have emerged, namely the tergal origin hypothesis (also called the paranotal hypothesis) and the pleural origin hypothesis (also known as the exite hypothesis) (reviewed in [2] ). The tergal origin hypothesis connects the origin of insect wings to the dorsal epidermal plate (tergum), while the pleural origin hypothesis states that the insect wing has originated from a branch (such as a gill) of the ancestral proximal leg segment (corresponding to the pleural plates in modern insects). Interestingly, several recent studies point toward a unification of these two seemingly incompatible hypotheses [3] [4] [5] [6] [7] [8] [9] .
Wings and feet
With two distinct origin tissues, the dorsal body wall and the pleural plates, how can both be the origin of insect wings? The third hypothesis, the dual origin hypothesis, states that the 'merger' of the two unrelated tissues may have been a key step in the evolution of this efficient flight device. The idea of a dual origin of insect wings is not new. It can date back as early as the beginning of the wing origin debate [10] , although Rasnitsyn, in his modified paranotal hypothesis, may have been the first to clearly favor the possibility of a dual origin [11] . This idea has been mentioned by several scientists in the past ( [12] for example); however, it did not gain significant support until more recently with evidence from evo-devo studies [3] [4] [5] [6] . Several key findings from these studies include (i) the identification of 'wing serial homologs' (i.e. tissues that share an evolutionary ancestry with wings) in nonwinged segments via an evo-devo approach [13] , (ii) the identification of two distinct sets of wing serial homologs, one tergal and the other pleural, in a nonwinged segment [4] , and (iii) the evolutionary conservation of (i) and (ii) in diverse insects [5, 6] . An example of evodevo support for a dual insect wing origin is found in the first thoracic segment (T1, a wingless segment) of the beetle, where wing serial homologs are maintained as two distinct sets of tissues (of the tergal and pleural nature) [4] . When a set of wings is ectopically induced in T1 of this beetle through the genetic alteration of segment identity (homeotic transformation), both the tergal and pleural wing serial homologs contribute to the formation of a complete wing, thus supporting the idea that insect wings have a dual developmental (and evolutionary) origin ( Figure 1A ) [4] . Now, as reported in a recent issue of Current Biology, through a very thorough analysis of the cis-element that is responsible for the wing-specific expression of the snail (sna) gene in Drosophila, Requena et al. have revealed that the tissue that gives rise to wings in Drosophila (wing imaginal disc) is composed of two distinct sets of cells ( Figure 1B ) [9] , which provides further support for the dual evolutionary origin of insect wings.
Insect wing development has been studied most thoroughly in Drosophila, which has led to a very detailed understanding of the underlying molecular mechanisms. Interestingly, however, prior to Requena et al., the evo-devo support for the dual origin model came mostly from 'non-Drosophila' insects. Some major shortcomings of using Drosophila for studying the origin of insect wings include their extremely unique mode of development and the resulting diverged adult morphology (reviewed in [14] ). The wingless T1 segment studied in the abovementioned evo-devo studies is almost entirely missing from adult Drosophila, making it a challenge to study wing serial homologs in wingless segments in this insect. In addition, almost the entirety of the Drosophila adult epidermis is formed from a set of unique tissues called imaginal discs [15] . This highly derived mode of development, found only in certain holometabolous orders (such as Diptera and Hymenoptera), makes Drosophila a tough system to use to gain insight into the ancestral state of insect wings. But the imaginal disc development in Drosophila is the exact process where Requena et al. found a clue to the evolutionary identity of the insect wing [9] .
During Drosophila embryogenesis, six clusters of thoracic epidermal cells positive for Distalless (Dll) expression, each cluster corresponding to a hemisegment, invaginate into the embryo, and form thoracic primordia (TP, Figure 1B ) [15] [16] [17] [18] . The TP then splits into two populations of cells, producing the wing and the leg imaginal discs [17, 18] . The names of these discs are somewhat deceiving, as the wing disc also gives rise to the entire dorsal body wall (i.e. tergum), while the leg disc contains the pleural region. To avoid possible confusion, Requena et al. call them dorsal and ventral primordium (DP and VP), respectively. The VP cells continue to express Dll, while the DP cells are marked by the expression of the wing master gene, vestigial (vg), as well as by the expression of a transcription factor gene, sna [17, 18] (Figure 1B) . It has been assumed that the DP (i.e. wing disc) is entirely formed from the TP. However, a careful lineage tracing analysis using the DP specific enhancer of sna has revealed that not all DP cells are coming from the TP. There appears to be a second set of cells outside of the TP that join into the DP. Therefore, the DP is composed of two separate groups of cells. The discovery that the Drosophila wing disc is formed from the mixture of two distinct cell populations has important implications for the insect wing origin debate, as it demonstrates that wings have a dual developmental origin even in a very diverged dipteran mode of development. This finding complements previous demonstrations of the merger of tergal and pleural tissues to form the T1 ectopic wing upon homeotic transformation [4] [5] [6] , which collectively further supports a dual evolutionary origin of insect wings.
Several important questions remain unanswered. For example, it is largely elusive how the two sets of cells that make the DP in Drosophila correspond to the two proposed wing origin tissues (the tergum and the pleural plates). At a glance, it makes sense to think that the TP-originating DP cells (yellow in Figure 1B ) would correspond to the most proximal leg tissue (pleural plates in modern insects), while non-TP DP cells (blue in Figure 1B ) may be of a more dorsal identity. However, the dipteran mode of development poses an important caveat to this interpretation, as the lineage tracing experiment demonstrated that some TP-originating DP cells (yellow in Figure 1B ) also contribute to the formation of the adult tergum in Drosophila. Therefore, it is crucial to further investigate the nature of these two cell populations that contribute to the formation of the DP in Drosophila, and also to assess how these two cell populations correspond to the two wing serial homologs found in other insects.
An evo-devo-based approach has been central to the recent advancement of the dual origin hypothesis [2, 14] ; however, this approach also harbors some limitations. For instance, most evo-devo interpretations assume that analyses of the developmental origin of a tissue can inform us on the evolutionary origin of this tissue. However, what we see in each organism is an evolutionary 'snapshot', which has the potential to be highly diverged from an ancestral mode of development. Therefore, it is of paramount importance to analyze wing development in a wide taxonomy of insects and to facilitate collaboration with other fields to gain a more comprehensive view of the evolutionary origin of insect wings. In fact, Wing disc Figure 1 . Two distinct sets of cell populations that contribute to the formation of insect wings.
(A) Two distinct sets of wing serial homologs in the first thoracic segment (T1) of the red flour beetle, Tribolium castaneum. Upon homeotic transformation, the tergal (blue) and pleural (yellow) wing serial homologs merge to form a complete wing (green) [4] . A similar situation has been found in the milkweed bug (Oncopeltus fasciatus) [5] and the German cockroach (Blattella germanica) [6] . (B) Wing disc development in the fruit fly, Drosophila melanogaster. The dorsal primordium (DP) is composed of two separate groups of cells (yellow and blue). TP: thoracic primordium, VP: ventral primordium.
the inclusion of other fields has already proven fruitful, as a recent study investigating an ancestral mode of wing development in an extinct insect order (Palaeodictyoptera) has provided novel support for a dual origin of insect wings from a paleontological perspective [7] . The molecular basis underlying the evolution of insect wings has just begun to be unraveled. A 'cross-wiring' of the two similar gene regulatory networks (GRNs) operating in the tergal and pleural wing serial homologs is one possible mechanism that has been proposed [2, 4] , while co-option of a GRN capable of inducing a certain characteristic (such as a flat outgrowth) into the lateral body wall is another [19] . The application of cis analyses to the investigation of wing origin (such as Requena et al.) and the comparison of cis regulation of wing genes between various insects [20] will be quite powerful in elucidating the processes that facilitated the evolution of insect wings at the molecular level. The origin of insect wings is a fascinating mystery that has captivated scientists for many years. With new molecular techniques rapidly emerging, we are entering an exciting period where we may be able to put this century-old conundrum to rest.
